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Abstract 
The pollution by heavy metal is a key factor for water quality in river, and the Pb has been closely attention in Yellow 
Basin.  The heavy metals into river could be intensively absorbed by suspended sediment.  The absorption processes of 
heavy metal by sediments of Yellow River were researched by batch experiment. The precision of simple dual-mode 
model to fit sorption isotherm curve of Pb2+ was better than other models.  The fractal dimension D of sediment particle 
distribution and organic carbon affected the sorption parameters, the Kf of Freundlich model and k of Langmuir model 
increased along the fractal dimension D of sediment increasing, and n parameter of Freundlich model was negative 
relation with fractal dimension D. The different clay+silt content in sediment made different sediment structure maybe 
a brief reason. From site energy distribution, the high energy sites was preferentially occupied when the adsorption of 
Pb ion beginning, then, the high energy sites decreased and lower energy sites increased along with the sorption 
capacity increasing. 
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
Most pollution into water body can be absorbed by sediment, and the intensity of absorption effects is 
mainly closed with sediment content, size distribution of particle, particle surface characteristics [1].  In 
natural water body, the particle size of suspended sediment is uneven, and the absorption capability for 
heavy metal ion is different.  Generally, the particle size is finer with high specific surface and surface free 
energy, and the saturated absorption capability is higher.  Tang et.al indicated that the particle size of clay 
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mine had markedly influence for Cd absorbed and there was accumulative property for saturated absorbed 
amount to different particle size [2].  Some researchers considered that there was no competition among 
each size particles for co-existed system with different size, and the absorbed amount was a summation of 
each size particle absorbed matter [3].  Due to the soil surface complex with abnormity, there was many 
active sorption sites that each site had different sorption energy [4].  The site energy distribution that Carter 
et.al developed could be used to explain sorption surface heterogeneity [5].  Yuan and Xing used the site 
energy distribution to analyze the energetic characteristic of organic chemical sorption by soil organic 
matter [6]; Li et.al used this method to research chloroacetanilides herbicides sorption by soil, and they 
indicated that the site energy distribution was a useful for examining and understanding the energetic 
characteristic of sorbent [7].  
The pollution by heavy metal is a key factor for water quality in river, and the Pb was given closely 
attention in Yellow Basin.  The heavy metal would be intensively absorbed by suspended sediment after 
them into river.  The absorption process of heavy metal by sediment was markedly affected by pollution 
concentration, sediment concentration, and physical-chemical properties [8-11].  The objectives of this 
paper were: (1) to recognize relationship between the fractal property of sediment in the middle reach of 
Yellow River and isotherm parameter of Pb sorption; (2) to use site energy distribution to analyze energetic 
characteristic of different sediment. 
2. Materials and method 
2.1. Materials 
All sediment samples in the experiments, were sampled from the riverbed in Hejing, Huaxian, Xianyang, 
Longmen, Tongguan, and Sanmenxia hydrologic station, and where all are in the middle reach of Yellow 
River (Fig. 1). The sediment samples were textured by pipette method, the sediment organic carbon content 
(SOC) was measured using K2Cr2O7-H2SO4 oxidation method, and the overall size characteristics and 
organic carbon content were in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The site of sediment sampling. 
2.2. Batch adsorption tests 
The 1g dry sediment was weighted into 50 ml polyethylene centrifuge tube, then the Pb(NO3)2 
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solutions with soil/solution ratio of 1:25 were added that tubes. The Pb(NO3)2 solution concentration were 0, 
5, 15, 30, 60 and 80 mgL-1. All samples tubes with rubber plug were equilibrated for 8 hours on a 
reciprocating shaker at the 25 1 , and then centrifuged with 4000 r/min until the supernatant was clear. 
The Pb2+ concentration in supernatant was measured by atomic adsorption spectrometry. The Pb2+ 
adsorption was calculated from difference between that added and that measured in equilibrium solution. 
Table 1. The particle size distribution properties and organic carbon content of sediments in middle reach of Yellow River. 
2.3. The adsorption isotherm curve fitted 
The Freundlich model, the Langmuir and the simple dual-mode model were used to fit these sorption 
data. Freundlich sorption model is given: 
n
ef CKQe                                                                      (1) 
where: Qe and Ce are the equilibrium concentration of sediment solid-phase and aqueous-phase solute 
expressed as mg/g and mg/L, respectively. Kf is the sorption coefficient, and n is heterogeneity index. The 
Langmuir model is: 
e
e
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max                                                                   (2) 
where k represents the Langmuir bonding term related to interaction energies, and Qmax (mg/g) denotes the 
Langmuir monolayer capacity.  The mathematical form of dual-mode model (DMM) is given by Pignatello 
and Xing s paper [12]: 
e
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0                                                   (3) 
where Q0 is the maximum adsorption capacity, which stands for the situation that the whole adsorption 
surface is covered by adjoined adsorbed species; the constant k is affinity related primarily to net enthalpy 
of adsorption; and Kp is linear contribution constant. 
2.4. The calculation of site energy distribution 
The general isotherm equation can be written according to the theory of sorption on heterogeneous 
surface [6]: 
dEEFCEqCq ehee )(),()(
'
0                                (4) 
Sample Sampling site 
Particle size distribution %  Organic 
carbon 
(%) 
Fractal 
dimensio
n <0.002 <0.005 <0.010 <0.025 <0.050 <0.100 <0.25 
HJ Hejin 32.7 59.0 74.1 84.2 93.8 99.7 100.0 2.10 2.79 
HX Huaxian 38.2 84.1 95.8 99.2 99.7 100.0  2.01 2.81 
XY Xianyang 36.4 52.8 69.3 93.9 100.0   1.16 2.71 
LM Longmen 12.6 19.8 26.7 44.3 79.5 99.6 100.0 1.02 2.55 
TG Tongguan 19.8 32.5 41.5 57.7 85.8 100.0  0.43 2.62 
SM Sanmenxia 36.4 55.4 72.7 95.7 99.6 100.0  1.20 2.75 
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where qe(Ce) is the overall sorption isotherm holding over all the sorption sites, qh(E, Ce) is the local 
isotherm holding on each homogeneous patch of sites with sorption energy E, and F'(E) is the energy 
distribution function. The integral is set from zero to infinity for convenience because the actual minimum 
and maximum sorption energies are not known a priori. The relationship between E*and Ce is determined 
by minimizing the difference between the given step function and Langmuir-type isotherm presented by 
Carter et.al.[5]: 
)exp()exp(
*
RT
EC
RT
EECC ssse
                                    (5) 
where Ce is equilibrium solution concentration when the absorption balance, Cs is the solute solubility in 
water, R is the universal gas constant, and T is absolute temperature, E* is the lowest value of binding 
energy which sorption occurs at Ce. The relationship between qe(E*) and E* can be written: 
*
*
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                                                         (6) 
The area under the distribution curve is equal to the overall maximum sorption capacity of the 
heterogeneous sorbent. The Freundlich sorption model was substituted into eq.(6), 
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The eq.(8) can be used to describe the site energy distribution situation of sediment in the rivers. 
2.5. The fractal calculation of particle size distribution 
The suspended sediment can often be described with fractal concept, a power-law relation between the 
mass fraction and size is expressed as refernece[13]: 
D
upperLt R
R
M
RrM 3
,
)()(                                                  (9) 
where M(r, R) is the mass of sediment particles with a radius smaller than R, Mt is the total mass of 
particles with radius less than RL, upper, RL, upper is the upper size limit for fractal behavior, D is the fractal 
dimension. 
3. Results and discussion 
3.1. The adsorption isotherm curve of Pb 
The adsorption isotherm curves of Pb for different sediment were in Fig.2, and the parameters of three 
models were in Table 2.  From these data, all isotherm curves are nonlinear and the three models can be 
used to fit Pb adsorption isotherm curve, but the fitted results of Freundlich model was relative worse. The 
Kf values of Freundlich model changed from 12.62 to 50.4, the n values was 0.1147 to 0.3282 with high 
nonlinear. For Langmuir model, the Langmuir monolayer capacity Q0 was 51.15-80.87 mg/g, the affinity 
parameter k are 0.1323 to 0.9776, and the k of LM and TG sediment are lower than others. The simple dual-
mode model (DMM) had most precision with lowest RSS, but the linear parameter Kp was close to 0 for HJ 
and SM sediment.  This phenomenon maybe the sorption mechanism of HJ and SM sediment were different 
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with others, the sorption on these two sediments were Langmuir monolayer adsorption.  For HX, XY, LM, 
and TG sediments, there were two sorption domains; one was the solution partition domain and the other 
was hole-filling domain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Sorption isotherm curve for Pb by sediments in middle reach of Yellow River fitted with the Langmuir model, Freundlich, and 
simple dual-mode models 
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Table 2. Summary of the F model and L model for the adsorption of Pb onto sediments in middle reach of Yellow River. 
 F model L model DMM 
Kf n R2 RSS k Qmax R2 RSS Kp b Q0 R2 RSS 
HJ 50.84 0.1147 0.9913 39.86 0.7570 80.84 1.0000 0.02 0.0044 0.7639 80.65 1.0000 0.001 
HX 45.54 0.1628 0.9959 94.36 0.9776 80.64 0.9957 65.54 0.2520 1.3519 72.11 0.9994 7.20 
XY 37.06 0.1808 0.9927 77.62 0.6406 72.62 0.9919 58.62 0.3122 1.0818 60.06 0.9964 28.45 
LM 21.18 0.2999 0.9877 103.52 0.2497 73.28 0.9714 58.62 0.2637 0.3727 59.48 0.9983 21.19 
TG 12.62 0.3282 0.9987 4.83 0.1323 51.14 0.9777 81.04 0.4108 0.8479 25.30 0.9999 0.18 
SM 32.02 0.1504 0.9935 51.71 0.7536 57.17 1.0000 0.001 -0.001 0.8089 57.23 1.0000 0.0003 
3.2. Relationships between sorption parameter and sediment properties 
The sediment properties have important effects for sorption heavy metal ion.  Jin found that the Pb 
saturated sorption value had closely positive correlationship with organic matter content and clay content 
for Yellow River sediment [14]. In sediment absorbed heavy metal ion, each size particles had large or less 
contribution. The fractal dimension D reflected the complex degrees of sediment size composition; it had 
closely relationship with Freundlich sorption parameters Kf and n, and Langmuir sorption parameter k (Fig. 
3). The Kf of Freundlich model and k of Langmuir model all present the sorption affinity, they increased 
along the fractal D of sediment size particles increasing (Fig. 3a, 3b).  The D value was closely inter-ration 
with less than 0.05mm size particle (R2=0.9817), this size range included lay+silt. The results showed not 
only clay had key effects for Pb absorption by sediments but also the silt had certainly roles.  The n 
parameter of Freundlich model is heterogeneity of sorption sites; less n value indicates the higher 
unevenness of sorption surface. The n value had negative relation with fractal dimension D (Fig. 3c).  For 
sediment structure, the small particles filled conformation formed by larger particles because of the lower 
small particle content, made a very complex sorption surface.  Thus, the heterogeneity index n value was 
larger.  Conversely, the D value was large and the small size particles is relatively abundance, these small 
particles make a continuous structure and the big particle scatters in them, the complicity of this formation 
is small and forms a relatively simple sorption surface. So, the heterogeneity index n value was less than 
that of above condition. The fractal dimension D of sediment particle had not markedly relationship with 
Langmuir maximum adsorption capacity, which showed the size composition was less influence to 
adsorption capacity. 
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Fig. 3. The relationship between the fractal dimension of sediments and paramters of sorption isotherm cuvre. 
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Which factor was a brief influence the adsorption capacity?  The relationship between sediment organic 
carbon (SOC) content of and Kf parameter of Freundlich model and Q0 parameter of Langmuir model were 
established (Fig. 3).  Kf of Freundlich model was an affinity coefficient, and some time was as capacity 
factor and the isotherm linearity parameter [3], it was markedly affected by SOC (Fig. 4a). Meanwhile, the 
SOC had obviously correlationship with Langmuir sorption capacity (Fig. 4b).  A summary to above 
analysis, the organic carbon of sediment briefly affected the sorption capacity, and the particle size fractal 
impacted the sorption affinity. 
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Fig. 4. The relationship between the organic carbon of sediments and parameters of sorption isotherm curve. 
 Site energy distribution of Pb adsorption
There were many different active sites on sediments surface with energy, and the Pb absorbed by these 
sites was different.  The Pb solute solubility (Pb(NO3)2) in water is 383182 mg/L, the relative sorption 
energy E* range in experiment calculated by eq.(5) were 21.37-32.25 KJ.mol-1.  Fig. 5 showed the sorption 
energy E* on solute loading Qe determined by the range of equilibrium solution, Ce, according to eq. (9).  
For different sediment, there were different site energy distribution curves.  The LM and TG sediment have 
high site energy and decreases dramatically with increased E*, then decreased slowly.  This showed that the 
limited numbers of high energy sites in sediment were filled first at low concentration.  The XY and HX 
sediment had middle site energy initially, but the decreasing rate along with E* was relatively slowly.  
Among all sediments, the initial site energy of HJ and SM sediment were lower, the decreasing rates were 
almost a constant with E* increasing.  Because the difference between the high and low site energy of SM 
and HJ sediment was small, the sorption site was relatively even, thus that was beneficial to monolayer 
adsorption, this maybe a reason for sorption of SM and HJ sediment more fit to Langmuir model. Sediment 
particle size influenced the sorption surface, site energy distribution expressed consistent with fractal D.
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Fig. 5. The approximate site energy distribution derived from Freundlich isotherm parameters. 
471 Hui Shi et al. /  Procedia Environmental Sciences  18 ( 2013 )  464 – 471 
4. Conclusion 
The sorption isotherm curve of Pb2+ absorbed by sediment in Yellow River can be fitted by Freundlich 
model, Langmuir model, and simple dual-mode model, and the simple dual-mode model had higher 
precision than other models.  The fractal dimension D of sediment and organic carbon affected the sorption 
parameters, the Kf of Freundlich model and k of Langmuir model increased along the fractal D of sediment 
size particles increasing, and n parameter of Freundlich model had negative relation with fractal dimension 
D.  This may be a reason that the different clay+silt content in sediment make different structure. From site 
energy distribution, the sorption process happened on the high energy sites initially, then, the high energy 
sites decreased and lower energy sites increased along with the sorption capacity increasing.
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